The gastrin-releasing peptide (GRP) is a neuropeptide hormfon6 and growth factor produced normally by neural and neuroehdocrine cells, as well as by human small-cell lung cancer (SCLC) thupors and derived cell lines. This study compares the structure of the human prepro-,GRP gene in four SCLC cell lines that express variable levels of steady-state GRP mRNA. The regul0tion of GRP gene, expression appears to be at the level of primary transcription based on nuclear run on studies. In the two SCLC cell lines expressing GRP we find a single transcription start site for GRP mRNA, and near this site we find four DNase I hypersensitive sites. These hypersensitive sites are absent in the two cell lines that do fot express GRP.
mfon6 and growth factor produced normally by neural and neuroehdocrine cells, as well as by human small-cell lung cancer (SCLC) thupors and derived cell lines. This study compares the structure of the human prepro-,GRP gene in four SCLC cell lines that express variable levels of steady-state GRP mRNA. The regul0tion of GRP gene, expression appears to be at the level of primary transcription based on nuclear run on studies.
In the two SCLC cell lines expressing GRP we find a single transcription start site for GRP mRNA, and near this site we find four DNase I hypersensitive sites. These hypersensitive sites are absent in the two cell lines that do fot express GRP.
The presence of DNase hypersensitive sites in the promoter region of the GRP gene is the structural feature that best correlates with transcriptional activation. These four DNase hypersensitive sites are candidates for cis acting regulatory regions, which may be important in determining the level of transcription of the humhn prepro GRP gene.
introduction
The gastrin-releasing peptide (GRP)' is the mammalian homologue ofthe amphibian peptide bombesin with the carboxyl terminal 10 amino acids of GRP and bombesin sharing identity in 9 of 10 positions (1) . GRP is present in brain (2) (3) (4) , in neurons of the gut (5) , and in pulmonary endocrine cells of fetal bronchus (6) . Human tumors that produce GRP include pulmonary carcinoids (7, 8) , medullary carcinomas ofthe thy-roid (9, 10) , and most small-cell lung cancers (11) . Cell lines derived from biopsies of human small-cell lung cancer tissue (SCLC) frequently produce GRP, and GRP production persists in culture over periods greater than two years (12, 13) .
GRP is a mitogen for Swiss 3T3 cells (14) , for normal bronchial epithelial cells (15) and for some SCtC cell lines (16) (17) (18) . GRP may be an autocrine growth factor for some SCLC lines that produce GRP, exhibit a mitogenic response to GRP, and show growth inhibition in vivo and in vitro in the presence of monoclonal antibodies to GRP (17) . The structures of GRP cDNA clones derived from both a pulmonary carcinoid (19) and a SCLC cell line (13) have been determined, and a threeexon GRP gene from a human placental library has been cloned and structurally analyzed (20) . However, the molecular mechanisms governing the transcriptional activation of the GRP gene remain uncharacterized.
Control of gene expression is thought to reside in part in recognition of DNA sequences near the site of initiation of the mRNA transcript (21). Several genes are now described in which RNA transcription is initiated from more than one defined site in either the same or differing tissues (22) (23) (24) (25) . Changes in gene structure that have been associated with gene expression include gene rearrangement (24) , gene amplification (26) (27) (28) (29) , and changes in chromatin structure (30, 31) . These chromatin structural changes include decreases in DNA methylation and acquisition of sites of DNase I hypersenisitivity (30) (31) (32) (33) (34) . Commonly in the region of actively transcribed genes short regions of chromatin acquire 10-to 100-fold increased sensitivity to digestion by DNase I as compared with chromatin of inactive genes (30) . Such DNase I hypersensitive sites can be detected before the expression of both developmentally regulated genes and hormonally regulated genes (30, 35-38), and commonly, though not invariably, cluster Y to the coding portion of the gene. They include the binding sites of specific regulatory proteins (30) such as the Drosophila heat shock transcription factor and the eukaryotic nuclear regulatory protein Spi (21, 30, 39-42).
To elucidate some of the molecular mechanisms involved in activating GRP gene expression in SCLC, we have examined each of the above regulatory motifs in four human SCLC cell lines that express variable amounts of GRP. These studies establish that varying levels of steady-state GRP mRNA directly correlate with the level of primary transcription measured in nuclear run-on studies. We find that transcription of the GRP gene in SCLC proceeds from a unique start site and that the structural feature best correlating with GRP gene expression is the presence near the GRP promoter of four specific DNase I hypersensitive sites observed only in cell lines that express GRP. In a limited survey, we see no evidence for a regulatory role for methylation near the GRP promoter, for gene amplification or for gene rearrangement.
Methods
Cell lines. SCLC cell lines NCI-H82, NCI-N417, NCI-H209, and NCI-H510 were maintained in RPMI supplemented with 10% fetal bovine serum as described (12) .
Nucleic acids. Methods for preparing nucleic acids, electrophoresis of DNA and RNA in agarose gels, transfer to nitrocellulose, hybridization of nitrocellulose filters to DNA probes, and washing offilters were all as described (43) . 32p labeling of DNA probes by nick translation of DNA fragments previously purified on agarose and acrylamide gels was as described (43) . The GRP probe used in gel blotting experiments is a 0.9-kb near full length cDNA fragment (13) . The arginine vasopressin (AVP) probe is a 345-bp Sau 3A-Rsa I genomic fragment encoding the first exon and 5' flanking sequences of the human prepro AVP-NPII gene (44) . The beta actin probe is a 2.0-kb cDNA fragment encompassing most of the human beta actin mRNA (45) .
Nuclear run on assay. Nuclei were isolated from 2 X 107 cells by Dounce homogenization (10 strokes with a "B" pestle) in 10 mM Tris pH 7.4, 3 mM CaCI2, 2 mM MgCl2, collected by centrifugation, resuspended in nuclear freezing buffer as described (46) , and frozen in aliquots at -70°C. Run-on transcription was performed as described (46) was terminated by addition of 2.5 qI of 0.5 M EDTA followed by extraction with phenol-chloroform and then ethanol precipitation. The primer extended species was sized by electrophoresis on a 5% polyacrylamide 8 M urea gel as described (43) .
SI nuclease protection assay. A GRP genomic clone in M 13 was primer extended to prepare a single stranded 32p mass-labeled probe (43) . The M13 clone was primed with the same oligonucleotide used for the primer extension analyses of GRP mRNA. The SI probe and oligonucleotide were therefore coterminal at their respective 5' ends. Protection of labeled probe from S I nuclease was assayed essentially as described (43) . Briefly, the probe was added to 2 Mg of polyadenylated RNA and annealed in 50 ,l of 0.4 M NaCl, 0.02 M Tris, pH 7.5,0.002 M EDTA, 70% formamide overnight at 54°C. Hybridization reactions were diluted to 400 Ml adjusted to 0.3 M NaCl, 0.03 M Na acetate, pH 4.5, and 0.003 M ZnSO4. 100 U of SI nuclease (Boehringer Mannheim, Chemicals, Indianapolis, IN) were added, and digestion was allowed to proceed at 370C for 2 h. The reaction was terminated by extraction with phenol-chloroform followed by ethanol precipitation. at 370C for 3 h. Digests were subjected to electrophoresis on agarose gels, transferred to nitrocellulose and hybridized with DNA probes as above. As mitochondrial DNA is not methylated at CpG dinucleotides (Battey, J., unpublished results), completeness of restriction enzyme digestions was established by hybridizing the filters with a mitochondrial probe.
DNase I hypersensitivity assay. Nuclei were prepared by lysis of cells with NP-40 as described (47) . Aliquots of 3 X 10' nuclei were digested for 15 min with increasing unit amounts ofDNase I starting at 0 and increasing twofold from 0.235, 0.47, 0.94, 1.87, 3.74, stepwise to 60, and the DNA was then extracted immediately after digestion as described (47) . DNA was quantitated by absorbance at 260 nm. 11 g of DNA from each digest were digested with Bam HI, size fractionated by agarose gel electrophoresis, stained with ethidium bromide, and transferred to nitrocellulose. The positions of DNase I hypersensitive sites were located by the indirect end labeling method (40) .
DNA sequence determination. Nucleotide sequences ofGRP clones in M 13 vectors were determined using a modification of the dideoxynucleotide chain termination technique (43) .
Results
The level ofprimary transcription correlates with the level of steady-state prepro GRP mRNA. Four SCLC cell lines that express differing levels of prepro GRP mRNA were compared. Fig. 1 A shows an RNA blot comparison oftotal RNA isolated from the four lines. After hybridization with a GRP probe, the highest levels of the 0.9 kb GRP mRNA are found in H510, with lower but readily detectable levels also seen in H209. In contrast, no detectable GRP mRNA is seen in either N417 or H82, even on longer autoradiographic exposures (not shown).
The same blot was subsequently hybridized with a beta actin reference gene probe, establishing that equivalent levels of steady-state beta actin mRNA are found in all four cell lines.
We were interested to see if the differing levels of steadystate GRP mRNA observed in these four cell lines resulted from corresponding differences in primary transcription. To compare the relative amounts of primary prepro GRP gene transcription, we used a nuclear run-on transcription assay. In this assay, RNA polymerase II extends previously initiated primary transcripts from isolated nuclei in the presence of [32P]UTP. The amount of incorporated label measures the density of nascent mRNA chains along the gene at the time of nuclear isolation. Gene-specific incorporated counts are compared by hybridization to strand-specific cloned DNA from the gene of interest, immobilized on a nitrocellulose filter. Thus, the relative polymerase density and polarity of transcription along a number of genes can be determined. If GRP gene regulation is primarily determined at the level of transcription, cell lines with the highest levels of steady-state mRNA should show the highest levels GRP specific transcription during the run-on assay. Fig. 1 B shows the results of a typical nuclear run-on experiment comparing GRP-specific counts incorporated in the four SCLC cell lines studied. H5 10 shows the highest level of in vitro-labeled transcripts hybridizing to a GRP cDNA "sense" target, with H209 showing lower but detectable levels. Densitometric analysis of steady-state mRNA levels in Fig. 1 hybridized to each target reflects the level of primary transcription of the target locus. The run on analysis is normalized using a beta actin reference target. Note that detectable GRP transcription is observed only in lines that express detectable steady-state levels of GRP mRNA, and that the level of primary transcription reflects the level of steady-state mRNA as illustrated in A. The specificity of the assay is indicated by the absence of hybridizing counts to the m13 vector target. All detectable transcription is in a sense orientation (5' to 3' through the gene) as determined by comparing the sense (s) and antisense (a) targets. much mRNA as H209. A comparable analysis of the primary transcription by nuclear run-on analysis (Fig. 1 B) shows that H510 has a 2.0-fold greater primary transcription level than H209 (H510; GRP 24% of beta actin; H209, GRP 11.4% of beta actin). Both H82 and N417 show no detectable sense GRP transcription, even though both cell lines show beta actin run-on signals and steady-state mRNA levels comparable to those observed for H209 and H5 10. Identical results were observed in several independent nuclear run-on experiments examining expressing and nonexpressing SCLC cell lines. The level of steady-state GRP mRNA directly correlates with the level of run-on transcription and therefore is determined in a large part by differences in primary transcriptional activity.
The GRP gene is not amplified or rearranged in cell lines expressing the gene. Southern blot analysis of equivalent amounts of Hind III digested genomic DNA from two human SCLC cell lines that express the GRP gene (H209, H5 10) and from normal human leukocytes is shown in Fig. 2 . The GRP probe detects the three exons ofthe gene on 11 kb (exon 1), 4.6 kb (exon 2), and 2.9 kb (exon 3) genomic fragments (13 Fig. 3 shows the transcription initiation site for GRP mRNA located by two independent methods, SI nuclease protection and primer extension, at a position 155 bp 5' of the first Sma I restriction site in exon 1 of the GRP gene. The S1 probe and oligonucleotide primer both begin at the same Sma I site in GRP mRNA. As would be predicted, both methods produce fragments of equal size, extending 155 bp from the Sma I site to the mRNA initiation site (Fig. 3 , schematic and autoradiogram). The same initiation site is found in two different SCLC cell lines, H209 and H510, both of which express the GRP gene (Fig. 1) . H929, a human myeloma cell line that does not express GRP (northern analysis not shown), serves as a negative control in both experiments. Several additional faint bands at 295, 220, and 130 bp are also seen in the S1 protection analysis. It is unlikely that these species represent minor GRP initiation sites since no corresponding size bands are seen in the primer extension analysis even on long exposures of the autoradiogram. Also seen is the nonspecific remainder ofa small amount of full length probe, present in all S1 digests, including those containing probe without any added RNA (Fig. 3, -lane) . This is characteristic of the technique (43 Figure 4 . DNase I hypersensitive sites near the GRP gene promoter. Nuclei from each cell line shown were prepared and digested in aliquots with increasing levels of DNase I. DNA was extracted from each digest and then further digested to completion with Bam HI. 10 ug of DNA from each digest was resolved by electrophoresis through 0.8% agarose and transferred to nitrocellulose. The blots were hybridized with the 32P-labeled GRP probe 1 whose position is shown in the schematic. Shown are results from two GRP expressing cell lines H5 1O and H209, and from two GRP nonexpressing cell lines, H82 and N417. In each panel nuclei not exposed to DNase I are GRP gene did not correlate with any apparent pattern of methylation seen in the blots (data not shown).
Specific DNase I hypersensitive sites are present near the GRP promoter only in cell lines that express the GRP gene. Hybridization with the GRP probe No. 1 demonstrates a 9.8-kb promoter region fragment present in all four SCLC cell lines before DNase I treatment (Fig. 4, 0 DNase lanes), corresponding to the predicted germ line 9.8 kb Bam HI fragment (Fig. 4, schematic) . In nuclei from GRP expressing SCLC lines H5 10 and H209, increasing the dose of DNase I introduces cuts in the 9.8-kb parent Bam HI region at four sites resulting in the appearance of the smaller daughter bands A-D. In contrast, none of the hypersensitive sites A-D are found in SCLC lines H82 and N4 17, which do not express GRP (Fig. 4) . Even prolonged exposure of the blots fails to reveal evidence of hypersensitive sites A-D in the nonexpressing cell lines (data not shown). An additional hypersensitive site labeled E is also detected in H209, and weakly seen in H5 10 (GRP-expressing) and H82 (GRP nonexpressing). Two minor DNase I hypersensitive sites located between sites C and D are faintly seen in H5 10 and H209. As these sites are less intense than the major sites, they will not be further discussed. (30) . Probe 1, employed in Fig. 4 , is 3' of hypersensitive sites A-D and maps the 3' boundary of each of these regions. In an otherwise identical experiment, GRP probe 2, which is 5' of the hypersensitive sites, maps the 5' boundary of the hypersensitive hypersensitive sites present in the GRP producer H5 10 and absent in the GRP nonproducer N417 (Fig. 5) . Specifically, probe 2 resolves the 5' most site, A, into two sites, A*, and A*2, and establishes 5' boundaries B* and C* for sites B and C. Probe 2 does not resolve site D. The predicted band D* would fall just beneath the parent 9.8-kb Bam HI fragment where the background is highest, perhaps explaining the failure to detect this band.
Discussion
GRP has been proposed to act as an autocrine growth factor in a subset of SCLC cell lines (17) . The We show by two independent techniques, S I nuclease protection and primer extension, a single initiation site of GRP mRNA transcription. By different processes both techniques produce a DNA strand complementary to the GRP mRNA from the 5' cap site to a 3' Sma I site. Primer extension alone could give a misleading result if elongation by reverse transcriptase were blocked 3' of the cap site by secondary structure in the mRNA. SI nuclease protection alone could give a misleading result if the tumor encoded sequence in the mRNA differed from the placental sequence in the S1 probe, or if the probe contained an unsuspected intron. Both cases would produce regions where the S1 probe and mRNA were not complementary and where S1 nuclease could cleave. These possibilities for error are rendered unlikely by the identity of the S1 nuclease and primer extension results. A previously published analysis of others using S1 nuclease protection also locates the principal site of mRNA initiation within 7 bp ofthe position found in this study and also reports a second minor site of mRNA initiation located 12 bp 5' ofthe major site (20) .
The GRP initiation site we find in the SCLC cell is appropriately positioned 31 bp downstream from a TATAA box and adjacent GC-rich region, consistent with an RNA polymerase II initiation site (48).
The structural feature best correlating with GRP expression is the presence of several DNase I hypersensitive sites (A-D) near the GRP mRNA start site, which we find only in SCLC cell lines that express the GRP gene. DNase I hypersensitive sites are sites in chromatin that, by a process poorly understood, have acquired a structure different from bulk chromatin (30) . For a large number of genes that have been examined, specific hypersensitive sites have been defined and shown to be necessary but not sufficient for gene expression (30) . The appearance of some hypersensitive sites is developmentally regulated; the appearance of others is hormonally regulated (30, (35) (36) (37) (38) . Some sites whose presence is thought to be permissive for expression of globin family genes can be transmitted from parent to daughter cells over many generations, even in the absence ofglobin gene expression (49 ::
DNase I would therefore be premature to suggest at this tinle the precise function of the four tNase I hypersensitive sites found in the 5' portion of the GRP gene. Site E is observed most prominently in the GRP expressing cell line H209, less prominently in H510, but also in the nonexpressing SCLC cell line H82. A direct relationship between transcription and site E is less convincing than for the other sites A-D.
Close examination reveals the DNase I hypersensitive sites can be regions several hundred base pairs in length, each of which may therefore be involved in binding ofmultiple regulatory factors. Indeed our data suggest that the DNase I hypersensitive region associated with expression of the GRP gene may include a significant portion of the several kilobases of DNA flanking the GRP message start site. Recent technical advances make it possible to footprint within single DNase I hypersensitive sites the actual nucleotides making in vivo contact with protein regulatory factors (51) . An in vitro assay for proteins that bind defined DNA regulatory sequences has been described and used to partially purify some such DNA binding proteins (52-56). Finally functional assays have been devised in which reporter genes fused to cis acting. regulatory sequences test the function of the putative regulatory elements (57). The DNase I hypersensitive sites defined in this study are candidates for such further investigations. It is hoped that such investigations will provide further insight into the mechanisms that govern the expression of the GRP gene.
